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ABSTRACT
Aim of the study: Independent sitting requires the control of the involved body
segments over the base of support using information obtained from the three sensory
systems (visual, vestibular, and somatosensory). The contribution of somatosensory
information in infant sitting has not been explored. To address this gap, we altered the
context of the sitting support surface and examined the infants’ immediate postural
responses.
Materials and methods: Ten 7-month-old typically developing infants sat on compliant
and firm surfaces in one session. Spatial, frequency, and temporal measures of postural
control were obtained using center of pressure data.
Results Our results suggest that infants’ postural sway is not immediately affected by
the different types of foam surface while sitting.
Conclusions: It seems that mature sitter infants are able to adapt to different
environmental constraints by disregarding the distorted somatosensory information from
the support surface and relying more on their remaining senses (visual and vestibular)
to control their sitting posture.
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Introduction
The emergence of self-sitting ability is an early developmental milestone known
to inevitably impact later perceptual, cognitive, and social skills. Mastering the control of
both head and trunk in independent sitting renders the arms available for other
functional activities such as reaching and exploration of the nearest environment
whereas the vertical postural orientation experienced in the sitting position may
constitute the foundation for other consequent more complex motor skills such as
standing and walking (Assaiante and Amblard 1995; Rochat and Goubet 1995). Hence,
a time delay in sitting acquisition or poor postural control while sitting may hinder the
progression of critical functional skills in development highlighting the demand for
designing early interventions for pediatric populations in need.
Although the achievement of independent sitting appears to be an innate part of
the normal maturation process, on the contrary, it requires the infant to learn how to
control the body’s degrees of freedom and to adapt to environmental and growth
changes (Harbourne and Stergiou 2003). In order to overcome the different constraints
present (environmental, biomechanical, and task), the infant utilizes sensory information
obtained from the three sensory systems (visual, vestibular, and somatosensory). The
contribution of the visual system on sitting postural control has been well documented
as it was originally thought to be the dominant modality responsible for controlling
upright posture (Bertenthal et al. 1997; Barela et al. 2000). However, studies on infant
standing postural control showing age- and ability-related trends under somatosensory
input alteration emphasized also the presence of a dynamic relationship between the
somatosensory system and upright posture in development (Barela et al. 1999; Metcalfe
and Clark 2000; Metcalfe et al. 2005). Along this line of examination, a few studies have
documented changes in body sway of seated infants while providing a touch stimulus or
have examined muscle activation patterns during postural responses to discrete
unexpected perturbations on the support surface (Hadders-Algra et al. 1996; Chen et al.
2007). However, there is no study that examined body sway in the “natural” sitting
position under continuous alteration of the somatosensory stimulus induced by the
different contexts of the support surface. The information obtained from the latter
paradigm could potentially give an insight on infants’ dynamic adaptive strategies as the
environmental constraints continuously change, and therefore sitting postural control is
challenged.
Assessing infants’ adaptive responses under challenging surface conditions may
also add critical information to the existing body of postural evaluation and training
techniques used as part of early rehabilitation, especially for populations whose motor
performance might be modulated by sensory impairments. For example, designing a
sensorimotor sitting postural intervention could potentially benefit children with
hemiplegia, the majority of which (70%) present sensory deficits (Tixard et al. 1954;
Twitchell 1966), or children with spastic quadriplegic or cerebral palsy (CP) whose
damage in the sensory cortex is related to motor area deficit (Hoon et al. 2002). Another

population could be children with spastic diplegic CP, whose sensory deficits are
consistent with dorsal column sensory modalities including position sense of the legs
(McLaughlin et al. 2005). As the development of motor ability of children with CP seems
to involve poor postural control in combination with sensory deficits, a few studies have
examined standing postural responses under sensory alteration conditions. It was found
that children’s standing body sway was more affected from the distortion coming from
the support surface compared to visual distortion, and this effect was more evident in
children with CP rather than typically developing children (Cherng et al. 1999; Saxena et
al. 2014). In these studies, foam on the support surface was used as a method of
distortion of somatosensory information in order to investigate motor responses. The
information obtained supports the critical role of the somatosensory system in
controlling standing posture under various environmental constraints, and the motive
behind using altered support surface contexts as part of the sensorimotor training for
pathological populations. However, there are no studies that examined sitting postural
responses under altered support surface contexts that could give an insight into the role
of the somatosensory system for controlling sitting, and the potential application of this
paradigm in the early rehabilitation setting.
In the present study, we aimed to fill this gap by using posturography to detect
changes in sitting postural control, while typically developing infants were sitting under
conditions that would challenge the somatosensory input. To achieve this goal and in
line with previous studies, we used foam as a method for somatosensory alteration (i.e.,
to provide inaccurate somatosensory information to detect body orientation). We also
found sitting on a foam cushion to be the most appropriate and well tolerated way of
manipulating somatosensation in infants based on our preliminary testing. Choosing the
foam properties was challenging since previous studies on children provided little or no
information about the foam properties used in their paradigms. Therefore, instead of
comparing a single compliant surface to a noncompliant surface, we examined a range
of foam properties in an effort to better understand how the different levels of distortion
may challenge sitting posture. A similar paradigm has also been used in adult standing
postural control demonstrating that the different properties of foam induced different
postural responses (Patel et al. 2008a, 2008b). Our hypothesis was that all foam
surfaces would induce an increase in infants’ postural sway while quiet sitting, as
captured by measures of center of pressure (COP) at the base of support. Since sitting
postural performance also depends on how the infants overcome their biomechanical
constraints, we also wished to explore how growth measures (height and weight) would
contribute to their response to the sensory alteration.

Materials and methods
Participants

Ten 7-month full-term typically developing infants (230.5 ± 9.1 days, 4 males, 6
females) with the ability to independently sit with no health problems participated in the
present study (Table 1). Inclusion criteria for entry into the study for the infants were: (a)
a score on the Gross Motor Quotient of the Peabody Developmental Motor Scale-2 of
greater than 0.5 SD below the mean; (b) age between 6 and 8 months at the time of
data collection; and (c) mature sitting. The last item required the infant to be able to sit
for 5 min or more without falling, to reach for toys in independent sitting with both hands
without disrupting balance, and for the parent to be confident to leave the infant alone in
a sitting position without protection and the concern of falling. Furthermore, it was
preferred if the infant was not yet able to crawl, and not yet able to move in and out of
the sitting position independently. The exclusion criteria were: (a) a score on the
Peabody Gross Motor Scale of greater than 0.5 SD below the mean; and (b) immature
sitting which means inability to sit for 5 min or more without falling. Before their infant’s
participation, the parents signed an informed consent document.

Procedures
Data were collected on a single day for each infant at a specifically designed
laboratory space that simulates a common living room to provide a soothing
environment. All infants were tested for about 15 min with the Peabody Gross Motor
Scale by a physical therapist prior to the data collection session that took approximately
45 min. During the data collection, infants were sitting on a force plate (Advanced
Mechanical Technology, Watertown, MA, USA) under five different conditions: four foam
conditions and a no-foam condition. The order of conditions was randomized. For the
different foam conditions, a set of four incrementally compliant foam (FXI Foamex
Innovations, Media, PA, USA) support surfaces (Table 2) was used in order to
challenge somatosensory input (Figure 1). The range selected was appropriate for the
expected mass of a 7-month-old infant based on our preliminary testing. The small
mass of an infant would induce adequate foam indentation but no more than 25% of the
total thickness of the foam, thus minimizing the potential effect of mechanical postural
support that would lead to misleading results. Each data collection was videotaped
using two Panasonic video cameras (Model 5100 HS) interfaced with a Panasonic
Digital AV Mixer (Model WJ MX30) positioned to record both sagittal and frontal views
of the infant. A qualitative record of the infant’s performance and emotional state during

the procedure was obtained, required for the selection of segments of data to be
analyzed later. Before the data collection session started, infants were allowed time to
become familiar with the new environment, whereas the investigator and the parent
remained close to the infants during the whole procedure to assure their safety and
keep them in a calm state.

Figure 1. Infant sitting on the foam placed on the forceplate during data collection.

Data processing
Force data acquisition and processing were controlled through the
AMTINetForce software (Advanced Mechanical Technology Inc., Watertown, MA, USA).
Component forces (Fx, Fy, Fz) and moments (Mx, My, Mz) were sampled at 200 Hz for
the purpose of collecting a total of 2000 points; the required number for later analysis of
our variables as shown from previous work (Yentes et al. 2013). COP displacements in
both the anterior–posterior (AP) and medial–lateral (ML) sway directions were
calculated from the forces and moments through the software. Data were then exported
in ASCII format for further analysis.
Video records were used to identify three segments for each condition when the
infant’s performance met specific behavioral criteria and then the COP data were
selected during this time. The segments of the COP data were selected when the infant
exhibited at least 10 s of quiet sitting behavior. The specific behavioral criteria were: (i)
not moving the arms (not reaching, holding an object, or flapping); (ii) not vocalizing or
crying; (iii) not in the process of falling; (iv) not leaning their trunk more than 45 to either
side. Initially, we tried to select longer segments since each condition trial lasted 1 min,
however, the experienced infants moved too frequently (including arm or leg movement)
to obtain longer than 10 s segments across all trials.
Multiple variables were selected for inclusion in the analysis based on time,
frequency, and distance measures of the COP path that have been commonly used in
COP analysis in sitting and standing. Root mean square (RMS), range of the COP path
in both the AP and ML directions, sway path (total length of the COP trajectory), and the
areas of the 95% confidence circle and 95% confidence ellipse were calculated. In
addition, the frequency-domain parameters of the median frequency and frequency
dispersion were included. These measures provided information about the amount of
variability in postural sway (Stergiou et al. 2006). In order to identify the structure of
variability in postural sway, the largest Lyapunov exponent (LyE) and the approximate
entropy (ApEn) were also calculated. LyE measures the rate at which nearby
trajectories in state space diverge (Abarbanel 1996). Simply put, the LyE quantifies the
exponential separation of trajectories in the signal’s state space. As nearby points
separate, they diverge rapidly and produce instability. The exponent estimates this
instability, which is largely affected by the initial conditions of the system, which are the
constraints that underlie its function (Dingwell et al. 2000). The LyE for sinusoidal data
results in a LyE value of zero because the trajectories mapped in the state space will
completely overlap, thus showing no divergence and result in a periodic pattern.
Positive LyE values less than 0.5 may indicate the presence of determinism within a
time series whereas larger values depict completely random data because of the
greater degree of divergence of trajectories. ApEn measures regularity, thus the
logarithmic likelihood that runs of patterns that are in close proximity remain close on
the next incremental comparisons. The ApEn values range between 0 and 2. A value of
0 indicates perfect periodic control of postural sway and a value of 2 depicts completely

random sway. In general, small ApEn values show greater tendency to remain close
and therefore determinism in our data. The ApEn measure was calculated using the
algorithm developed in previous work (Pincus and Goldberger 1994). All measures were
implemented in MATLAB (Mathworks, Natick, MA, USA).
The COP data were analyzed unfiltered in order to examine the variability in
postural sway over time. Because the same instrumentation was used for all subjects, it
can be assumed that a consistent level of measurement noise was the same for all
infants and any difference observed would be from changes of postural control itself. If
the data were filtered, important information about these changes of postural control
would be lost.
Statistical analyses
Initially, values from all dependent variables were averaged within and between
subjects. Subsequently, group means were subjected to one-way repeated measures
ANOVA comparing the conditions of the support surface (five levels: soft foam, medium
soft foam, medium hard foam, hard foam, control). Furthermore, regression analysis
was performed to identify the potential influence of mass and height in the postural
responses. Data were analyzed using PASW Statistics (SPSS Inc. Released 2009.
PASW Statistics for Windows, Version 18.0. Chicago, IL: SPSS Inc.).

Results
No significant differences (p < .05) were found for any of the dependent variables
(Table 3). As a post hoc analysis and in an attempt to reduce the large standard
deviations found, we considered excluding the one infant that had crawling experience
at the time of data collection. Again, the results remained the same showing no
significant differences among conditions.
One surprising finding that came up from plotting our data was the identification
of distinct groups for two of our measures. For Sway Path and Range of sway in the ML
direction, groups of trajectories were observed in the plot confirming the presence of
different postural strategies among our subjects (Figures 2 and 3). Three group means
(Table 4) were compared to identify these groups and it was found that they were
statistically different (p < .05, F2 ¼ 12.211, F2 ¼ 5.487).
Regression analysis revealed a relationship between Sway Path and the
anthropometric features of the infants possibly explaining the formation of these groups.
Firstly, this analysis was applied to the control condition (Figure 4) and afterwards all
conditions were considered (Figure 5). Results showed that there is a strong negative
relationship between Sway Path and mass but not height (R2 ¼ 0.9099, R2 ¼ 0.2456)
for the control condition. Similarly, considering all conditions seems to have a strong
negative relationship between Sway Path and mass (R2 ¼ 0.9001, Soft foam; R2 ¼
0.9523, Medium soft foam; R2 ¼ 0.9488, Medium hard foam; R2 ¼ 0.9561, Hard foam).

Discussion
The achievement of independent sitting posture requires the infant to overcome
the different environmental, biomechanical, and task constraints (Harbourne and
Stergiou 2003) by utilizing sensory information obtained from the environment. There is
limited information regarding infants’ control of body sway in the “natural” quiet sitting
position under continuous alteration of the somatosensory information. In the present
study, we used posturography to detect changes in sitting postural control, while
typically developing infants were “naturally” sitting under altered contexts of the support
surface that would challenge their somatosensory information. We also aimed to
explore how different biomechanical constraints as opposed to growth changes would
affect their response to the sensory alteration. Somatosensory information was altered
at the base of support of sitting using different densities (soft, medium soft, medium
hard, hard) of foam along with a no-foam control condition. We hypothesized that the
foam surfaces would induce an increase on infants’ postural sway while sitting
independently. The information obtained could potentially give an insight on infants’
dynamic adaptive strategies as the environmental constraints continuously change, and
therefore sitting postural control is challenged.

Control of infants’ sitting posture may not be affected by changes in surface
support context
Our analysis, using all subjects as one group and comparing it across the
different foam conditions, did not show any significant differences in any of our spatial,
temporal, and frequency measures (Table 3). Our results are in contrast to adult studies
that showed differences when standing on a variety of foam surfaces (Patel et al.
2008a, 2008b). However, the case appears to be different in development, where
infants are used to shifting stages within very short periods of time. The fact that infants’
body sway was not affected by the alteration of somatosensory information suggests
two alternative hypotheses about mature sitters: either (i) they do not rely on the
somatosensory system to control their sitting posture, and they possibly rely on their
remaining senses; or (ii) they are able to disregard distortion of the somatosensory
information and quickly adapt to the different environmental conditions.

Infants’ adaptability suggested by our alternative hypotheses is supported by our
post hoc analysis and by findings of a very recent study on sitting ability. For our post
hoc analysis, locomotor experience was investigated as a potential confounder based
on the crawling status of one of the participating infants. Previous research has shown
that the acquisition of more advanced developmental milestones can have an effect on
previously acquired skills. For example, a study found that the onset of independent
walking influences infants’ postural responses during standing while getting
somatosensory information from a light touch on a surface (Metcalfe et al. 2005). They
showed that the relationship between their postural sway and the somatosensory
stimulus became more stable with walking experience. Based on this information, we
excluded the infant with crawling experience from our data and performed the same
data and statistical analyses with the remaining nine subjects. Again, no significant
differences were identified. Along these lines, and looking into other people’s work, we
found a recent study by Rachwani et al. (2017) that examined sitting ability under
different environmental constraints. They tested infants while they sat on forward and
backward slopes and they were surprised to find that experienced sitters were able to
keep their sitting balance on very steep slopes. Thus, this study, along with our findings,
demonstrate the great behavioral flexibility that infants show in the natural sitting
position when they are challenged by the environment.

Figure 2. Sway Path trajectories across conditions per subject.

Control of infants’ sitting posture across support surface contexts may be
affected by growth changes
Our initial data inspection revealed large standard deviations among subjects
and the formation of subgroups within our sample for two linear variables, the Sway

Path and Range of sway. We found that anthropometric features affect these linear
posturography measures.

Figure 3. Distinct group trajectories for Range of sway in medial–lateral direction and Sway Path.

Initially, other factors were examined to explain the aforementioned observations.
For example, we considered that this variability within the group might be attributed to
the selection of segments; however, video analysis followed the same rules for each of
the three segments for each infant. Furthermore, the process was similar to the
selection of segments used in previous work which has shown that there is good intrasession reliability between segments in typically developing infants especially in the
later phase of sitting skill, at around 8 months, when they become experienced sitters
(Kyvelidou et al. 2009). In addition, at least two more experienced laboratory members
verified the correctness of the process. Thus, it was unlikely that segment selection

caused these large deviations. Another follow-up examination involved the exclusion of
one infant from the sample, nearly an outlier that exhibited much more motion in the
segments identified compared to the other subjects. However, we still observed similar
high standard deviations within our variables. Lastly, we looked at reliability of our data
by comparing our variable values to previous work. RMS and Range values were similar
to findings by others, especially in the ML direction (Deffeyes et al. 2009; Cignetti et al.
2011). Non-linear values were also similar. Only Sway Path values were found to be
larger in our study. Based on our finding that anthropometric features such as mass
have an effect on Sway Path possibly explains this difference.
Our aforementioned examinations led to the conclusion that there was possibly
another factor responsible for this inter-subject variability that could not be identified by
behavioral observation from the videos. Our next step, the plotting of individual
posturography data, clearly demonstrated the presence of statistically different
subgroups in our sample for two linear variables, Sway Path and Range of sway
(Figures 2 and 3). Sway Path is the summed total displacement of the COP throughout
the identified segment. Results on Sway Path may be interpreted as some infants sway
more or sway faster (since they are able to cover more distance at the same time) than
others although they are of the same age and sitting skill level. More importantly, it
seems that mass defines those groupings which possibly cause this inter-subject
variability when considering all subjects as one group. Regression analysis in this case
confirmed the suggestion that infants with less body weight are more movable than the
heavier ones (Figure 4). An alternative thought might also be that more physically active
infants may have less mass which leads to more movement, so increased Sway Path
values. In line with our results, others have observed that Sway Path decreased as age
was increasing during the development of sitting posture (Harbourne and Stergiou
2003). Although they did not find this to be statistically significant, it can be explained by
the fact that mass also increases with age; therefore, Sway Path values decrease,
which couples quite well with our current findings.

Figure 4. Relationship of Sway Path with mass and height in control condition.

In addition, these groups were significantly different for Range of sway, however,
only in the ML direction (Table 4). This value represents the range (max – min) of
distance covered in this specific direction. This result indicated also that heavier infants

presented less Range of sway from lighter infants but only in the side to side direction.
This can be explained by the fact that infants have most of their mass concentrated in
their buttocks which while sitting and especially with their legs outstretched leads to a
bigger base of support and so less freedom of movement in this direction.
Lastly, it seems that the different infant growth characteristics also contribute to
different responses across different surface contexts (Figure 5). Lighter infants
demonstrated a bigger distribution of (and larger) Sway Path values across conditions.
Heavier infants demonstrated more similar (and lower) Sway Path values across
conditions. Accordingly, infants with low body mass seem to be more affected from the
different conditions. These results also suggest that for infants with large body mass,
Sway Path is probably not the most suitable variable to identify differences across the
conditions used here. Research studies in adult posturography also support our results
of the effects of anthropometric features on linear measures. It has been found that
Sway Path and Range in the ML direction are affected by biomechanical factors such as
weight and height in adults while standing (Chiari et al. 2002). Our analyses did not
show this strong dependence on height as mass. This may be attributed to the
characteristics of sitting posture itself that involves a wider base of support in relation to
body height while sitting (pelvis to head) compared to the narrow base of support in
relation to total body height in upright stance. In addition, the distance between the
center of mass and the point of ground support is lower in sitting infants compared to
that of standing adults. Therefore, it seems that height does not significantly affect
infants’ body sway while sitting.

Figure 5. Regression analysis shows negative relationship between Sway Path and mass across
conditions.

Based on the above findings, body characteristics should be taken into account
when considering these variables to describe postural sway even when studying sitting
posture in infants in which height and mass differences are considerably much less than
in adults while standing. This information can be used accordingly when studying sitting
development, as infants’ bodies change rapidly from the beginning to the final stage of
the skill. Lastly, even though there is a definite distinction between groups for Sway
Path and Range of sway, still no significant differences were identified across conditions
confirming the null hypothesis one more time. However, the small group size of just two,
three, and five subjects is not adequate to make inferences for the whole population.
Rather the current evidence should be taken as an indication, providing the basis for
further investigation.
We can consider many new aspects to expand our study. Firstly, we can explore
the effect of the same selection of foam properties on infants with sensorimotor
impairments. Secondly, try a different selection of foam properties that might be able to
induce changes on the postural sway of typically developing infants. Furthermore, the
same type of somatosensory manipulation can be applied in younger infants that have
not mastered the sitting skill and follow them longitudinally through the whole progress
of the skill. Another interesting finding would be to see if locomotor experience, in our
case through crawling, affects their sensorimotor relationship. Although in our study one
infant with crawling experience was found not to have differences from the rest of our
sample, still no inferences to the whole population can be made considering one subject
alone. Lastly, the effect of vision and vestibular input should be evaluated to identify
how sensory information is utilized to achieve the sitting posture in infants.
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